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Abstract 

Aims: Chagas disease, caused by the protozoan Trypanosoma cruzi is endemic in Latin America, and may lead to a 
life-threatening inflammatory dilated, chronic Chagas cardiomyopathy (CCC). One third of T. cruz/-infected 
individuals progress to CCC while the others remain asymptomatic (ASY). A possible genetic component to disease 
progression was suggested by familial aggregation of cases and the association of markers of innate and adaptive 
immunity genes with CCC development. Since mutations in multiple sarcomeric genes, including alpha-cardiac actin 
(ACTC1) have been involved in hereditary dilated cardiomyopathy, we investigated the involvement of the ACTC1 
gene in CCC pathogenesis. 

Methods and Results: We conducted a proteomic and genetic study on a Brazilian study population. The genetic 
study was done on a main cohort including 118 seropositive asymptomatic subjects and 315 cases and the 
replication was done on 36 asymptomatic and 102 CCC cases. ACTC1 protein and mRNA levels were lower in 
myocardial tissue from patients with end-stage CCC than those found in hearts from organ donors. Genotyping a 
case-control cohort of CCC and ASY subjects for all informative single nucleotide polymorphism (SNP) in the ACTC1 
gene identified rs640249 SNP, located at the 5' region, as associated to CCC. Associations are borderline after 
correction for multiple testing. Correlation and haplotype analysis led to the identification of a susceptibility haplotype. 
Functional assays have shown that the rs640249A/C polymorphism affects the binding of transcriptional factors in the 
promoter regions of the ACTC1 gene. Confirmation of the detected association on a larger independent replication 
cohort will be useful. 

Conclusions: Genetic variations at the ACTC1 gene may contribute to progression to chronic Chagas 
Cardiomyopathy among T. cnvz/'-infected patients, possibly by modulating transcription factor binding to ACTC1 
promoter regions. 
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Introduction 

Chagas disease is an infection caused by the protozoan 
Trypanosoma cruzi[\\, which is transmitted by an insect vector 
of the Reduviidae family, blood transfusion or congenitally [1]. 
The parasite is a major cause of heart disease and 
cardiovascular death in endemic areas, with approximately 
50,000 deaths recorded per year [2]. Chagas disease is 
particularly prevalent in poor, rural areas of 18 countries in 
North and South America, ranging from the southern United 
States to southern Argentina. Despite the implementation of 
vector control programs in several countries, nine million 
people are currently infected and 40 million people are still at 
risk of contracting the infection [3]. Acute T. cruzi infection 
causes acute myocarditis accompanied by blood and tissue 
parasitism, which is asymptomatic in most cases [4]. A strong 
innate and adaptive immune response against T. cruzi leads to 
the control of tissue and blood parasitism, but not its complete 
elimination, resulting in the establishment of low-grade chronic 
infection [5]. Thirty percent of infected individuals develop 
chronic Chagas cardiomyopathy (CCC), an inflammatory 
dilated cardiomyopathy that is, by far, the most important 
clinical consequence of T. cruzi infection. This condition has a 
fatal outcome and the only treatment is heart transplantation. 
Ten percent of the patients develop digestive system disease 
[6]. Most of the other infected individuals remain asymptomatic 
(ASY) and free from heart disorders for life. Heart failure due to 
CCC has a worse prognosis and a 50% lower survival rate than 
cardiomyopathies of -non inflammatory origin, such as 
ischemic and idiopathic dilated cardiomyopathy [7,8]. CCC is 
characterized by inflammation and a myocardial remodeling 
process: T cell/macrophage-rich myocarditis, hypertrophy and 
fibrosis with cardiomyocyte damage. The myocardial 
inflammatory infiltrate is thought to play a major role in disease 
development and progression [9,10]. The myocardial cytokine 
production profile suggests an IFNv/TNFa Th1 type response, 
with interferon v-induced chemokines [11-16]. Along with the 
induction of direct inflammatory damage, we have shown that 
IFNy directly induces profound changes in cardiomyocyte gene 
expression, including the hypertrophic program [17]. IL-18 and 
CCR7 ligands [18-20], CCL2, IL1B and TNF-a [21,22] have 
also shown to be involved in direct induction of cardiac 
hypertrophy and/or fibrosis. Evidence from the Syrian hamster 
model of chronic Chagas cardiomyopathy indicates that while 
the intensity of inflammation correlated with ventricular dilation 
(i.e. disease progression), it was not associated to death 
among hamsters with end-stage dilated chronic Chagas 
cardiomyopathy [23]. This may suggest that additional, non- 
inflammatory factors could contribute to severity or progression 
to death from CCC. Taken together, this suggests that the 
dilated cardiomyopathy phenotype and clinical outcome may 
involve an interplay between the inflammatory environment and 
specific gene regulation in cardiomyocytes and other 
myocardial cell types. 

The mechanisms underlying the differences in progression to 
chronic Chagas cardiomyopathy are not fully understood. 
Familial aggregation of cases of chronic Chagas 
cardiomyopathy [24] suggests a possible genetic component to 



disease susceptibility. Several polymorphic markers of innate 
and adaptive immunity genes have been found to be 
associated with CCC susceptibility (Reviewed in 25-27). 

On the other hand, variations in more than 40 genes, most of 
which encode sarcomeric contractile proteins, or proteins from 
the cytoskeleton or nuclear lamina, have been shown or 
proposed to cause dilated cardiomyopathy [28,29]. Effective 
muscle contraction requires force generation by the sarcomere 
and force transmission to the cytoskeleton and the extracellular 
matrix. ACTC1 (alpha-cardiac actin) is the main component of 
the thin filament of the sarcomere. One end of the polarized 
actin filament forms crossbridges with myosin, and the other 
end is immobilized, attached to a Z band or an intercalated disc 
[30,31]. Thus, actin transmits force between adjacent 
sarcomeres and neighboring myocytes to effect coordinated 
contraction of the heart. Olson et al. (1998) found two rare 
ACTC1 gene mutations that cosegregated with a form of 
hereditary idiopathic dilated cardiomyopathy [32]. Jiang et al. 
(2010) found that ACTC1 mRNA and protein levels were 
significantly lower than those in controls and that this was 
strongly correlated with cardiomyocyte apoptosis [33]. They 
also showed that the forced reduction of ACTC1 gene 
expression in cardiomyocytes led to increased apoptosis. 
Cardiomyocyte apoptosis is significantly higher in heart failure 
patients than controls. Increased cardiomyocyte apoptosis has 
also been reported in Chagas disease [34]. Induction of similar 
levels of cardiomyocyte apoptosis led to heart failure in murine 
models; apoptosis is possibly involved in cardiomyocyte loss 
that may lead to heart failure [35]. Moreover, in Syrian hamster 
model, during the acute phase, the alpha cardiac muscle actin 
1 protein was lower in groups from animals without signs of 
acute-phase infection (-4%) and from animals with signs of 
acute-phase infection (-19%) compared with pools from Control 
animals [36]. We investigated the involvement of the ACTC1 
gene in CCC pathogenesis, by comparing ACTC1 mRNA and 
protein levels in myocardial tissues from patients with CCC and 
normal donor hearts, and determining whether ACTC1 gene 
polymorphisms were associated with CCC. 

Materials and Methods 

Ethical standard 

Written informed consent was obtained from all the patients, 
in accordance with the guidelines of the various internal review 
boards. The protocol was also approved by the INSERM 
Internal Review Board and the Brazilian National Ethics in 
Research Commission (CONEP). Written informed consent 
was obtained from the patients. All the patients enrolled in this 
study were over 21 years old so it didn't require parents/ 
guardians provided consent. In the case of samples from heart 
donors, written informed consent was obtained from their 
families. Investigations were conformed to the principles 
outlined in the Declaration of Helsinki . 

Diagnostic Criteria 

The diagnostic criteria for Chagas disease included the 
detection of antibodies against T. cruzi in at least two of three 
independent serological tests (EIA [Hemobio Chagas; 
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Embrabio Sao Paulo], indirect immunofluorescence assays 
[IFA-immunocruzi; Biolab Merieux], and indirect 
hemagglutination tests [Biolab Merieux]) [17]. All Chagas 
disease patients underwent standard electrocardiography and 
echocardiography for clinical group stratification. 
Echocardiography was performed at the hospital, with a 
Sequoia model 512 echocardiograph with a broad-band 
transducer. Left ventricular dimensions and regional and global 
function, including the recording of left ventricular ejection 
fraction (LVEF), were evaluated with a two-dimensional and M- 
mode approach, in accordance with the recommendations of 
the American Society of Echocardiography. Asymptomatic 
subjects have no electrocardiography and echocardiography 
changes. CCC patients presented typical conduction 
abnormalities (right bundle branch block and/or left anterior 
division hemiblock) [37]. CCC patients with significant left 
ventricular systolic dysfunction (LVEF <40%) were classified as 
having severe CCC, whereas those with no significant 
ventricular dysfunction (LVEF >40%) were classified as having 
moderate CCC. We selected 0.4 as arbitrary cutoff value that 
has been used to define ventricular dysfunction by several 
authors and our group [16,38,39]. 

Myocardial samples 

Myocardial samples were obtained from the left ventricular 
free wall of the hearts of patients with severe CCC and end- 
stage heart failure, at the time of heart transplantation. Similar 
samples were obtained from healthy hearts from organ donors 
not used for transplantation for technical reasons. 

Analysis of protein expression by Immunoblotting 

On myocardial samples from CCC patients (A/=5) and organ 
donor controls (NC; A/=5), proteins extraction and 
inmmunoblotting were performed according to Teixeira et al. 
[40]. Briefly, protein homogenates were obtained using lysing 
solution (1:10 w/v) containing 7 mol/L urea, 10 mmol/L Tris, 5 
mmol/L magnesium acetate and 4 % CHAPS, pH 8.0, by 
mechanical homogenization (PowerGen, Thermo Fisher 
Scientific, Waltham, USA). Extracts of myocardial samples 
containing 30 ug of protein were heated for 5 min at 95 °C, and 
subjected to sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) using 12.5% polyacrylamide gel 
and the vertical electrophoresis system Ruby SE600 (GE 
Healthcare, Waukesha, USA). After electrophoresis, proteins 
were transferred from gel to a nitrocellulose membrane using 
the TE Semi-Dry Transfer Unit (GE Healthcare, Waukesha, 
USA). The nitrocellulose membranes were incubated with 
monoclonal antibodies: monoclonal anti-actin, alpha cardiac 
muscle 1 (ACTC1) (Santa Cruz Biotechnology, Inc., Santa 
Cruz, USA) and polyclonal anti-glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (R&D Systems, Minneapolis, USA). 
Each membrane was subjected to incubation with compatible 
secondary antibodies conjugated with peroxidase, developed 
using ECL Plus Western Blotting Detection Reagents (GE 
Healthcare) and detection using X-ray equipment. Analysis of 
densitometry was performed using the program ImageQuant 
TL (GE Healthcare, Waukesha, USA). Each biological sample 
was analyzed in a duplicate experiment. 



Analysis of mRNA expression by real-time reverse 
transcriptase (RT)-PCR 

Total RNA from left ventricle samples (5x5x5 mm) was 
isolated using the RNeasy Fibrous tissue kit (Qiagen, Hilden, 
Germany). Contaminating DNA was removed by treatment with 
RNase-free DNase I. cDNA was obtained from 5ug total RNA 
using Super-script II™ reverse transcriptase (Invitrogen, 
Carlsbad, USA). mRNA expression was analyzed by real-time 
quantitative reverse transcriptase (RT)-PCR with SYBR Green 
I PCR Master Mix (Applied Biosystems, Foster City, USA) and 
250nM of sense and anti-sense primers using the ABI Prism 
7500 Real Time PCR System (Applied Biosystems, Foster City, 
USA). The following primers were designed using Primer 
Express software version 3.0: GAPDH (M33197): (F) 5'- 
GGTCTCCTCTGACTTCAACA-3' , (R) 5'- 

AGCCAAATTCGTTGTCATACC-3'; ACTC1 (NM_005159): (F) 
5'-CTTCATTGGTATGGAATCTGCTGG-3 ' , (R) 5"- 

CATTGTTGGCATACAGGTCCTTG-3 ' . After every PCR, an 
amplicon melting point curve was obtained. This yielded a 
single peak with the expected temperature provided by Primer 
Express software, confirming the specificity of the PCR. 
GAPDH mRNA expression was used for normalization [17]. 
The amount of mRNA in the left ventricles samples was 
calculated using the 2 DC1 method [41] Each biological sample 
was analyzed in triplicate within the same experiment, Ct 
average was used in the 2 DCt calculation. 

Study population for polymorphism analysis 

The patients and controls were enrolled in Sao Paulo, Minas 
Gerais and Bahia states. Patients with digestive forms or mixed 
forms were excluded of this study. Patients were classified as 
asymptomatic (n = 118) or as having CCC (n = 315). 
Asymptomatic individuals were used as the control subjects for 
this study because they were from the same areas of 
endemicity as the patients with CCC, had encountered the 
parasite and had tested seropositive for T. cruzi infection, but 
the infection had not progressed to CCC. Of the 118 
asymptomatic subjects, 45.3% were male, whereas in the CCC 
patients group, this percentage reaches 61 .3%. The difference 
in sex distribution between the groups was significant 
(p=1.21E-4; OR=2.126; 95%CI: 1.450 - 3.12). It is well known 
that male patients infected with T. cruzi have a higher risk of 
progression to CCC than female patients [42-44]. Of 315 
patients with CCC, 106 (42 men [39.6%] and 64 women 
[60.4%]) showed no significant ventricular dysfunction and 
were thus classified as having moderate CCC, whereas 199 
(144 men [72.4%] and 55 women [27.6%]) had severe 
ventricular dysfunction and were classified as having severe 
CCC. Data for left ventricular ejection fraction were missing for 
10 patients with CCC. Of 315 patients with CCC, 106 showed 
no significant ventricular dysfunction and 199 had severe 
ventricular dysfunction. 

The second cohort focused exclusively on male patients with 
Chagas disease. This replication cohort included asymptomatic 
(n = 36) and CCC patients (n = 102). Of the 102 patients with 
CCC, 48 had severe ventricular dysfunction (left ventricular 
ejection fraction <40%). 
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Blood samples and DNA preparation 

For each subject, 5 to 15 ml of blood were collected into 
EDTA tube. Genomic DNA was isolated on a silica-membrane 
according to the manufacturer's protocol (QIAamp DNA Blood 
Max Kit, Qiagen, Hilden, Germany). 

SNP selection 

Tag single nucleotide polymorphisms (SNPs) were selected 
on the basis of HapMap Data for the Caucasian and Yoruba 
reference populations. Tag SNPs were selected within a region 
extending 5 kb on either side of the candidate gene. The minor 
allele frequency cut off value was arbitrarily set at 20%. Tag 
SNPs characterised by a MAF over 20% on at least one 
reference population were selected. So, we genotyped a total 
of 18 SNPs. Nine of the markers were located in the promoter 
region (rs639735, rs640249, rs893130, rs475786, rs893131, 
rs893132, rs533225, rs670957, rs525720), three were located 
in intronic regions (rs71 66484 (intron2); rs2070664 (intron3); 
rs3729755 (intron 5)), one was located in the 3'UTR region 
(rs533021) and five were located in the 3'region of the ACTC1 
gene (rs1851317, rs492038, rs4924215, rs4924214, 
rs71 79902). 

SNP genotyping 

Most of the genotyping was done with the Golden Gate 
genotyping assay (lllumina, San Diego, USA). In some cases, 
genotyping assays were performed with the TaqMan system 
(Applied Biosystems, Foster City, USA) according to the 
manufacturer's instructions. 

Statistical analysis 

SPSS Statistics software v. 17.0 (IBM, Armonk, USA) was 
used for statistical analyses. We performed some stepwise 
binary logistic regression analysis on the whole population, to 
analyse the relationship between the probability of an individual 
to develop chronic Chagas cardiomyopathy and the main 
covariates (sex and polymorphisms). Sex is considered as a 
binary covariate. For each polymorphism, two alleles were 
available leading to three different genotypes. In our stepwise 
binary logistic regression analysis, genotypes were considered 
as binary covariates. We compare homozygous genotype 
(usually the more frequent) to the heterozygote genotype + the 
rare homozygote genotype. We corrected p values according 
to Nyholt's procedure for multiple testing correction [45,46]. 

We performed a haplotype reconstruction of the study 
population based on the SNPs rs640249 and rs641563. This 
reconstruction was done with HapAnalyzer software ( http:// 
ngri.re.kr/HapAnalvzer ). We used the PLEM algorithm 
according to the indications provided with the software. This 
reconstruction will affect two haplotypes for each individual. As 
we have two binary markers, four our haplotypes were 
detected with various frequencies: (H1) rs640249C-rs641563C: 
58.8%; (H2) rs640249A-rs641563A: 39.1%; (H3) rs640249C- 
rs641563A: 1.6%; (H4) rs640249A-rs641563C: 0.5%. This last 
haplotype is very rare. So, subjects carrying at least on copy of 
this haplotype were excluded from the analysis by lack of 
power. We have focused our analyse on the three main 



haplotypes. Six haplotype combinations were possible (H1H1, 
H1H2, H1H3, H2H2, H2H3, H3H3). The haplotype combination 
was considered as a new covariate with six classes. 

Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts were prepared from primary cardiomyocyte 
culture (PromoCell; Heidelberg, Germany). Complementary 
single-stranded oligonucleotides, containing the study 
polymorphism surrounding sequence, span 10 bp on either 
side of the variant nucleotide. For rs640249 polymorphism the 
sequence was: 5'biotin GTTTGCCCTG[A/C]ACGTCTCCCT 3'. 
For rs641563 polymorphism the sequence was: 5' biotin 
TAGACTG CCT[A/C] ATAG AAATTC 3'. Nuclear extract and 
electrophoretic mobility shift assay were done according to a 
published protocol [47]. 

Results 

Alpha-cardiac actin 1 (ACTC1) protein levels in the 
myocardium from left ventricle free wall differed between CCC 
patients and normal control (NC hearts) (Table S1), after 
normalization against GAPDH. Median ACTC1 protein levels 
were 64 % lower in the myocardium of CCC patients than in 
myocardial samples from individuals without cardiomyopathies 
(p<0.001) (Figure 1A). The duplicate analysis is provided in 
Figure S1. On the same samples, we performed a gene 
expression analysis. Experiments were done in triplicate and 
we calculated the mean value for each sample. Median ACTC1 
mRNA levels were 32% lower in heart samples from CCC 
patients than in those from controls (Figure 1B), suggesting 
possible transcriptional control of ACTC1 levels. However, this 
difference in ACTC1 mRNA levels was not statistically 
significant due to high inter individual variation in the normal 
control group. 

Polymorphism analysis (Table 1) was done on a main cohort 
including 433 Chagas disease patients born in areas in which 
the disease is endemic in the states of Sao Paulo and Minas 
Gerais. Patients were classified as asymptomatic (n = 118) or 
as having CCC (n = 315). Eighteen Tag SNPs were genotyped 
successfully. The rs1851317 marker was not informative in our 
study population. The genotype distribution of each informative 
SNP (17 markers) is summarized in Table 2. All the SNPs were 
in Hardy-Weinberg equilibrium in asymptomatic subjects 
(p>0.25). 

Association studies were done between CCC and ASY 
(Table 3) or between CCC with a left ventricular ejection 
fraction value under 0.4% and ASY (Table 4). Among the 
asymptomatic individuals (used here as controls), 31.8% 
carried the rs640249CC genotype, 43.4% carried the 
rs640249CA genotype and 24.8% carried the rs640249AA 
genotype. In the CCC patient group, 37.7% of the subjects 
carried the rs640249CC genotype, 49.2% carried the 
rs640249CA genotype and 13.1% carried the rs640249AA 
genotype. 

For the rs640249 polymorphism, we compared subjects 
carrying the AA genotype with those carrying either the CC 
genotype or the CA genotype. We included sex in the analysis 
as a covariate. The two covariates remained significantly 
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Figure 1. Relative quantification of alpha-cardiac actin 1 (ACTC1) by immunoblotting. Myocardial samples were obtained 
from the left ventricular free wall of the hearts of patients with severe CCC and end-stage heart failure, at the time of heart 
transplantation. Samples from five hearts from CCC patients (at least two positive results in three independent anti-7. cruzi serology 
tests, as indicated above), and from healthy hearts from organ donors not used for transplantation for technical reasons were used. 
Immunoblotting and protein quantification were done in duplicate. A. The immunoblot and the protein quantification result of the first 
experiment are presented here. The central line represents the median. Representative results from two experiments are shown 
here. A Mann-Whitney test was performed and differences were considered significant if P<0.001 . 

B. Real-time quantitative PCR was carried out on the same samples. All the samples were tested in triplicate with GAPDH, the 
expression of which has been shown to vary little between human myocardial tissue samples. Data were normalized and the 
relative levels of each mRNA were calculated by the 2 ACt method. 

doi: 10.1371/joumal.pone.0083446.g001 

Table 1. List of the tag SNPs genotyped on the original study population. 



Tag SNP 


Position relative to coordinate system 


Position relative to transcription start point 


rs639735 C/T 


35091844 


-4835 


rs640249 C/A 


35091686 


-4677 


rs893130A/T 


35091453 


-4444 


rs475786 C/G 


35091138 


-4129 


rs893131 T/C 


35090912 


-3903 


rs893132 T/C 


35090060 


-3051 


rs533225 A/T 


35089962 


-2953 


rs670957 G/A 


35089432 


-2423 


rs525720 G/A 


35089134 


-2125 


rs71 66484 G/A 


35086366 


643 


rs2070664 A/G 


35085201 


1808 


rs3729755 G/C 


35084215 


2794 


rs533021 G/A 


35080931 


6078 


rs1851317T/G 


35077786 


9223 


rs492038 T/G 


35077112 


9897 


rs4924215 G/A 


35075673 


11336 


rs4924214 T/C 


35075666 


11343 


rs71 79902 A/T 


35075531 


11478 


doi: 10.1371/journal.pone.0083446.t001 



associated with disease (sex: p=0.006; 
OR(95%CI)=1. 86(1. 19-2.89); rs640249: p=0.006; 

OR(95%CI)=1. 47(1. 11-1 .93); Table 3). We then restricted the 
analysis to patients with severe ventricular dysfunction (left 



ventricular ejection fraction < 40%). In this subgroup, 40.0% of 
the subjects carried the rs640249CC genotype, 48.2% of the 
subjects carried the rs640249CA genotype and 11.8% of the 
subjects carried the rs640249AA genotype. In multivariate 
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Table 2. Genotype distribution on asymptomatic individuals (ASY) and cases (CCC) taking into account the gender and the 
left ventricular ejection fraction values. 







ASY 






CCC 






CCC(EF<0.4) 




CCC(EF>0.4) 




SNP 




Total 


Male 


Female 


Total 


Male 


Female 


Total 


Male 


Female 


Total 


Male 


Female 


rs639735C/T 


CC 


52 

(44.8%) 


19 

(36.5%) 


32 

(50.8%) 


147 

(47.9%) 


86 

(46.0%) 


59 

(50.0%) 


96 

(49.0%) 


69 

(48.6%) 


27 

(50.0%) 


48 

(47.1%) 


16 

(40.0%) 


32 

(51 .6%) 




CT 


50 


28 


22 


134 


88 


46 


85 


64 


21 


44 


21 


23 




(43.1%) 


(53.8%) 


(34.9%) 


(43.6%) 


(47.1%) 


(39.0%) 


(43.4%) 


(45.1%) 


(38.9%) 


(43.1%) 


(52.5%) 


(37.1%) 




TT 


14 

(12.1%) 


5 (9.6%) 


9 (14.3%) 


26 (8.5%) 


13 (7.0%) 


13 

(11.0%) 


15 (7 7%) 


O \\J.O /o) 


6 (11.1%) 


i u ^y.o /o ) 




7 (11.3%) 


rs640249C/A 


cc 


36 

(31.8%) 


14 

(26.9%) 


21 

(35.0%) 


115 

(37.7%) 


66 

(35.1%) 


48 

(41.7%) 


78 

(40.0%) 


57 

(40.4%) 


21 

(38.9%) 


36 

(35.6%) 


9 -0 22 


27 -0,45 




CA 


49 

(43.4%) 


24 

(46.2%) 


25 

(41.7%) 


150 

(49.2%) 


100 

(53.2%) 


49 

(42.6%) 


94 

(48.2%) 


67 

(47.5%) 


27 -0,5 


49 

(48.5%) 


27 

(65.9%) 


22 

(36.7%) 




AA 


28 

(24.8%) 


14 

(26.9%) 


14 

(23.3%) 


40 

(13.1%) 


22 

(1 1 .7%) 


18 

(15.7%) 


23 

(11.8%) 


17 

(12.1%) 


6 (1 1.1%) 


16 

(15.8%) 


5(12.2%) 


11 

(18.3%) 


rs893130A/T 


AA 


91 

(77.8%) 


38 

(73.1%) 


52 

(81.3%) 


230 

(73.7%) 


144 

(75.4%) 


85 

(71.4%) 


145 

(73.2%) 


108 

(75.0%) 


37 

(68.5%) 


76 

(73.1%) 


37 

(68.5%) 


30 

(73.2%) 




AT 


24 

(20.5%) 


14 

(26.9%) 


10 

(15.6%) 


74 

(23.7%) 


43 

(22.5%) 


30 

(25.2%) 


48 

(24.2%) 


32 

(22.2%) 


16 

(29.6%) 


25 -0 24 


16 

(29.6%) 


11 

(26.6%) 




TT 


2(1.7%) 


0 (0.0%) 


2 (3.1%) 


8 (2.6%) 


4(2.1%) 


4 (3.4%) 


5 (2.5%) 


4 (2.8%) 


1 (1.9%) 


3 (2.9%) 


1 (1 .9%) 


0 (0.0%) 


rs475786C/G 


cc 


89 

(85.6%) 


40 

(87.0%) 


48 

(84.2%) 


209 

(77.7%) 


132 

(81.0%) 


76 

(72.4%) 


133 

(77.8%) 


98 

(81.0%) 


35 

(70.0%) 


69 

(76.7%) 


30 

(81.1%) 


39 

(73.6%) 




CG 


15 

(14.4%) 


6 (13.0%) 


9 (15.8%) 


59 

(21.9%) 


30 

(18.4%) 


29 

(27.6%) 


37 

(21.6%) 


22 

(18.2%) 


15 

(30.0%) 


21 

(23.3%) 


7 MR Q%\ 
/ \ 1 o.3 /o) 


14 

(26.4%) 




GG 


0 (0.0%) 


0 (0.0%) 


0 (0.0%) 


1 (0.4%) 


1 (0.6%) 


0 (0.0%) 


1 (0.6%) 


1 (0.8%) 


0 (0.0%) 


0 (0.0%) 


0 (0.0%) 


0 (0.0%) 


rs893131T/C 


TT 


81 

(68.6%) 


36 

(67.9%) 


45 

(70.3%) 


195 

(62.7%) 


117 

(61.9%) 


77 

(64.2%) 


127 

(64.5%) 


89 

(62.7%) 


38 

(69.1%) 


63 

(60.6%) 


25 -0,61 


38 

(60.3%) 




TC 


34 


16 


17 


98 


62 


35 


59 


45 


14 


35 


14 


21 




(28.8%) 


(30.2%) 


(26.6%) 


(31.5%) 


(32.8%) 


(29.2%) 


(29.9%) 


(31.7%) 


(25.5%) 


(33.7%) 


(34.1%) 


(33.3%) 




cc 


3 (2.5%) 


1 (1 .9%) 


2(3.1%) 


18 (5.8%) 


10 (5.3%) 


8 (6.7%) 


11 (5.6%) 


8 (5.6%) 


3 (5.5%) 


6 (5.8%) 


2 (4.9%) 


4 (6.3%) 


rs893132T/C 


T/T 


60 

(54.5%) 


26 

(54.2%) 


33 

(54.1%) 


186 

(60.6%) 


111 

(59.0%) 


73 

(62.4%) 


121 

(62.1%) 


86 

(61.0%) 


35 

(64.8%) 


59 

(57.3%) 


23 

(54.8%) 


36 

(59.0%) 




T/C 


42 


17 


25 


107 


64 


43 


66 


47 


19 


39 


15 


24 




(38.2%) 


(35.4%) 


(41.0%) 


(34.9%) 


(34.0%) 


(36.8%) 


(33.8%) 


(33.3%) 


(35.2%) 


(37.9%) 


(35.7%) 


(39.3%) 




c/c 


8 (7.3%) 


5(10.4%) 


3 (4.9%) 


14 (4.6%) 


13(6.9%) 


1 (0.9%) 


8(4.1%) 


8 (5.7%) 


0 (0.0%) 


5 (4.9%) 


4 (9.5%) 


1 (1.6%) 


rs533225A/T 


AA 


90 

(86.5%) 


41 

(89.1%) 


48 

(84.2%) 


207 

(84.5%) 


132 

(87.4%) 


74 

(79.6%) 


134 

(86.5%) 


96 

(88.1%) 


38 

(75.6%) 


66 

(79.5%) 


32 

(84.2%) 


34 

(75.6%) 




AT 


13 

(12.5%) 


5(10.9%) 


8 -0,14 


35 

(14.3%) 


19 

(12.6%) 


16 

(17.2%) 


19 

(12.3%) 


13 

(11.9%) 


10 

(22.2%) 


16 

(19.3%) 


D \ 1 O.O /o) 


10 

(22.2%) 




TT 


1 (1 .0%) 


0 (0.0%) 


1 (1.8%) 


3(1.2%) 


0 (0.0%) 


3 (3.2%) 


2 (1.3%) 


0 (0.0%) 


1 (2.2%) 


1 (1.2%) 


0 (0.0%) 


1 (2.2%) 


rs670957G/A 


GG 


36 

(32.1%) 


16 

(32.7%) 


20 

(32.3%) 


80 

(26.1%) 


50 

(26.6%) 


30 

(25.9%) 


46 

(23.4%) 


34 

(23.8%) 


12 

(22.2%) 


33 

(32.7%) 


15 

(37.5%) 


18 

(29.5%) 




GA 


51 


22 


29 


149 


89 


58 


103 


71 


32 


40 


15 


25 




(45.5%) 


(44.9%) 


(46.8%) 


(48.7%) 


(47.3%) 


(50.0%) 


(52.3%) 


(49.7%) 


(59.3%) 


(39.6%) 


(37.5%) 


(41 .0%) 




AA 


25 

(22.3%) 


11 

(22.4%) 


13-0,21 


77 

(25.2%) 


49 

(26.1%) 


28 

(24.1%) 


48 

(24.4%) 


38 

(26.6%) 


10 

(18.5%) 


28 

(27.9%) 


10 

(25.0%) 


18 

(29.5%) 


rs525720G/A 


GG 


50 

(68.5%) 


25 

(80.6%) 


25 -0,61 


189 -0,75 


113 

(73.4%) 


74 

(77.1%) 


118 

(73.8%) 


83 

(72.2%) 


35 

(77.8%) 


64 

(75.3%) 


26 

(74.3%) 


38 

(76.0%) 




GA 


20 

(27.4%) 


5(16.1%) 


14 

(34.1%) 


60 

(23.8%) 


38 

(24.7%) 


22 

(22.9%) 


41 

(25.6%) 


31 

(27.0%) 


10 

(22.2%) 


19 

(22.4%) 


7 (20.0%) 


12 

(24.0%) 




AA 


3(4.1%) 


1 (3.2%) 


2 (4.9%) 


3(1.2%) 


3(1.9%) 


0 (0.0%) 


1 (0.6%) 


1 (0.9%) 


0 (0.0%) 


2 (2.4%) 


2 (5.7%) 


0 (0.0%) 


rs7166484G/A 


GG 


44 

(39.6%) 


21 

(42.0%) 


22 

(36.7%) 


101 

(32.4%) 


54 

(28.3%) 


46 

(38.7%) 


55 

(27.6%) 


36 -0,25 


19 

(34.5%) 


42 

(40.8%) 


16 

(39.0%) 


26 

(41 .9%) 




GA 


50 


20 


30 


158 


105 


52 


108 


80 


28 


44 


21 


23 




(45.0%) 


(40.0%) 


(50.0%) 


(50.6%) 


(55.0%) 


(43.7%) 


(54.3%) 


(55.6%) 


(50.9%) 


(42.7%) 


(51.2%) 


(37.1%) 
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Table 2 (continued). 







ASY 






ccc 






CCC(EF<0.4) 




CCC(EF>0.4) 




SNP 




Total 


Male 


Female 


Total 


Male 


Female 


Total 


Male 


Female 


Total 


Male 


Female 




AA 


17 

(15.3%) 


9 (18.0%) 


8 (13.3%) 


53 

(17.0%) 


32 

(16.8%) 


21 

(17.6%) 


36 

(18.1%) 


28 

(19.4%) 


8 (14.5%) 


17 

(16.5%) 


^y.o /of 


13 

(21 .0%) 


rs2070664A/G 


AA 


42 

(36.8%) 


16 

(30.8%) 


25 

(41.0%) 


123 

(39.9%) 


71 

(38.0%) 


51 

(42.9%) 


65 

(33.2%) 


46 

(32.6%) 


19 

(34.5%) 


53 

(51.5%) 


21 

(52.5%) 


32 

(50.8%) 




AG 


61 

(53.5%) 


33 

(63.5%) 


28 

(45.9%) 


143 

(46.4%) 


90 

(48.1%) 


52 

(43.7%) 


102-0,52 


73 

(51.8%) 


29 

(52.7%) 


38 

(36.9%) 


15 

(37.5%) 


23 

(36.5%) 




GG 


1 1 (9.6%) 


n /rz oo/ \ 

3 (5.8%) 


8 (13.1%) 


42 

(13.6%) 


26 

(13.9%) 


16 

(13.4%) 


29 

(14.8%) 


22 

(15.6%) 


7 (12.7%) 


12 

(11.7%) 


4(10.0%) 


Ci /HO "70/ \ 

8 (12.7%) 


rs3729755G/C 


GG 


71 

(62.3%) 


31 

(59.6%) 


39 

(63.9%) 


175 

(55.9%) 


104 

(54.5%) 


70 

(58.3%) 


113 

(56.8%) 


80 

(55.6%) 


33 

(57.1%) 


57 

(54.8%) 


21 

(51.2%) 


36 

(57.1%) 




GC 


35 


17 


18 


121 


79 


41 


77 


58 


19 


39 


18 


21 




(30.7%) 


(32.7%) 


(29.5%) 


(38.7%) 


(41.4%) 


(34.2%) 


(38.7%) 


(40.3%) 


(34.5%) 


(37.5%) 


(40.3%) 


(33.3%) 




CC 


8 -0,07 


4 (7.7%) 


4 (6.6%) 


17 (5.4%) 


8 (4.2%) 


9 (7.5%) 


9 (4.5%) 


6 (4.2%) 


3 (5.5%) 


8 (7.7%) 


2 (4.9%) 


6 (9.5%) 


rs533021G/A 


GG 


23 

(23.7%) 


10 

(22.2%) 


13 -0,25 


84 

(29.1%) 


56 

(31.5%) 


28 

(25.7%) 


57 

(30.3%) 


42 

(31.1%) 


15 

(28.3%) 


26 -0 28 


14 

(36.8%) 


12 

(21 .8%) 




GA 


55 

(56.7%) 


28 

(62.7%) 


27 

(51.9%) 


136 

(47.1%) 


86 

(48.3%) 


48 

(44.0%) 


85 

(45.2%) 


63 

(46.7%) 


22 

(41.5%) 


45 

(48.4%) 


19-05 


26 

(47.3%) 




AA 


19 

(19.6%) 


7 (15.6%) 


12 

(23.1%) 


69 

(23.9%) 


36 

(20.2%) 


33 

(30.3%) 


46 

(24.5%) 


30 

(22.2%) 


16 

(30.2%) 


22 

(23.7%) 


o \ \ o.z /□ ) 


17 

(30.9%) 


rs492038T/G 


TT 


38 

(33.9%) 


15 

(30.6%) 


23 

(37.1%) 


87 

(28.3%) 


48 

(25.8%) 


37 

(31.1%) 


59 

(30.3%) 


42 

(30.0%) 


17 

(30.9%) 


23 

(22.3%) 


4 (9 8%) 


19 

(30.6%) 




TG 


49 


23 


25 


156 


96 


60 


94 


65 


28 


58 


27 


31 




(43.8%) 


(46.9%) 


(40.3%) 


(50.8%) 


(51.6%) 


(50.4%) 


(48.2%) 


(47.1%) 


(50.9%) 


(56.3%) 


(65.9%) 


(50.0%) 




GG 


25 


11 


14 


64 


42 


22 


42 


32 


10 


22 


10 


12 




(22.3%) 


(22.4%) 


(22.6%) 


(20.8%) 


(22.6%) 


(18.5%) 


(21.5%) 


(22.9%) 


(18.2%) 


(21.4%) 


(24.4%) 


(19.4%) 


rs4924215G/A 


GG 


67 

(59.8%) 


28 

(56.0%) 


39 

(63.9%) 


160 

(51.4%) 


103 

(54.5%) 


57 

(47.5%) 


102 

(51.5%) 


79 

(55.2%) 


23 

(41.8%) 


54 

(52.4%) 


20 -0,5 


34 -0,54 




GA 


41 


20 


20 


120 


69 


50 


79 


51 


28 


37 


17 


20 




(36.6%) 


(40.0%) 


(32.8%) 


(38.6%) 


(36.5%) 


(41.7%) 


(39.9%) 


(35.7%) 


(50.9%) 


(35.9%) 


(42.5%) 


(31 .7%) 




AA 


4 (3.6%) 


O /A Art/ \ 

2 (4.0%) 


2 (3.3%) 


31 -0,1 


17 (9.0%) 


13 

(10.8%) 


17 (8.6%) 


13 (9.1%) 


4 (7.3%) 


12 

(11.7%) 


3 (7.5%) 


9 (14.3%) 


rs4924214T/C 


TT 


56 

(52.8%) 


26 

(58.5%) 


30 

(50.8%) 


165 

(54.6%) 


94 

(51.4%) 


69 

(59.0%) 


101 

(52.3%) 


70 

(50.7%) 


31 

(56.4%) 


57 

(56.4%) 


20 -0,5 


37 

(60.7%) 




TC 


44 

(41.5%) 


17-0,37 


26 

(44.1%) 


113 

(37.4%) 


74 

(40.4%) 


39 

(33.3%) 


74 

(38.3%) 


55 

(39.9%) 


19 

(34.5%) 


38 

(37.6%) 


18 

(45.0%) 


20 

(32.8%) 




CC 


6 (5.7%) 


3 (6.5%) 


3 (5.1%) 


24 (7.9%) 


15 (8.2%) 


9 (7.7%) 


18 (9.3%) 


13 (9.4%) 


5(9.1%) 


6 (5.9%) 


2 (5.0%) 


4 (6.6%) 


rs7179902A/T 


AA 


80 

(71.4%) 


39 

(76.5%) 


41 

(68.3%) 


215 

(69.4%) 


136 

(72.0%) 


78 

(65.5%) 


138 

(70.1%) 


104 

(73.2%) 


34 

(61.8%) 


71 

(68.9%) 


28 

(68.3%) 


43 

(69.4%) 




AT 


29 


11 


17 


80 


45 


34 


50 


32 


18 


26 


11 


15 




(25.9%) 


(21.6%) 


(28.3%) 


(25.8%) 


(23.8%) 


(28.6%) 


(25.4%) 


(22.5%) 


(32.7%) 


(25.2%) 


(26.8%) 


(24.2%) 




TT 


3 (2.7%) 


1 (2.0%) 


2 (3.3%) 


15(4.8%) 


8 (4.2%) 


7 (5.9%) 


9 (4.5%) 


6 (4.2%) 


3 (5.5%) 


6 (5.8%) 


2 (4.9%) 


4 (6.5%) 



The rs1851317 marker was not informative in our study population. 



doi: 10.1371/journal.pone.0083446.t002 

binary regression analysis, sex and the rs640249 subjects and CCC patients, the rs640249 polymorphism was 

polymorphism remained significantly associated with CCC found to be significantly associated with CCC (p=0.008; 

(sex: p=8.6 x 10" 6 ; OR(95%CI)=3. 08(1. 87-5.04); rs640249: OR(95%CI)=1. 67(1. 14-2.43)). This association was also 

p=0.003; OR(95%CI)=1.61(1. 17-2.21); Table 4). This significant in comparisons of severe CCC patients with 

polymorphism did not distinguish moderate CCC from severe asymptomatic subjects (p=0.015; 

CCC and moderate CCC from ASY controls. OR(95%CI)=1. 64(1. 10-2.44)). Thus, the rs640249CC genotype 

We performed the same analyses on male subjects only is significantly associated with a higher risk of developing CCC. 

(193 cases vs 53 ASY), as the risk of progression to CCC is We performed a linkage disequilibrium analysis on the two 

higher in men than in women. In comparisons of asymptomatic reference populations. We focused this analysis on a 2 Mb 
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Table 3. Association studies between CCC and ASY including as covariates the gender and the polymorphism one by one. 



Tag SNP 




Genotype groups 


Association test 


rs639735 


C/T 


CC vs CT+TT 


p=0.435; 0R(95%CI)=1 .10(0.88-1 .36) 






CC vs CT 


p=0.598; OR(95%CI)=1. 13(0.71-1 .80) 






CC vs TT 


p=0.328; OR(95%CI)=1 .20(0.83-1 .74) 


rs640249 


C/A 


AA vs CA+CC 


p=0.006; 0R(95%CI)=1 .47(1 .1 1 -1 .93) 






AAvsCA 


p=0.018; OR(95%CI)=2.04(1. 13-3.66) 






AAvsCC 


p=0.008; OR(95%CI)=1 .52(1 .1 1 -2.07) 


rs893130 


A/T 


AA vs AT+TT 


p=0.426; 0R(95%CI)=1 .1 1 (0.86-1 .43) 






AAvsAT 


p=0.526; OR(95%CI)=1. 19(0. 70-2.01) 






AAvsTT 


p=0.449; OR(95%CI)=1 .36(0.61-3.01 ) 


rs475786 


C/G 


CC vs CG+GG 


p=0.061 ; OR(95%CI)=1 .82(0.97-3.41 ) 






CCvsCG 


p=0.067; OR(95%CI)=1. 80(0. 96-3.37) 


rs893131 


T/C 


TT vs TC+CC 


p=0.246; 0R(95%CI)=1 .35(0.83-2.08) 






TTvsTC 


p=0.459; OR(95%CI)=1 .20(0.75-1 .93) 






TTvsCC 


p=0.136; OR(95%CI)=1 .61 (0.86-3.03) 


rs893132 


T/C 


TT vs TC+CC 


p=0.234; 0R(95%CI)=1 .31 (0.84-2.05) 






TTvsTC 


p=0.420; OR(95%CI)=1 .21 (0.76-1 .94) 






TTvsCC 


p=0.100; OR(95%CI)=1. 49(0. 93-2.39) 


rs533225 


A/T 


AA vs AT+TT 


p=0.459; OR(95%CI)=1 .29(0.66-1 .52) 






AAvsAT 


p=0.536; OR(95%CI)=1. 25(0. 62-2.49) 






AAvsTT 


p=0.569; OR(95%CI)=1. 39(0.44-4.39) 


rs670957 


G/A 


GG vs GA+AA 


p=0.217; 0R(95%CI)=1 .16(0.91 -1 .48) 






GGvsGA 


p=0.297; OR(95%CI)=1. 31(0.79-2.20) 






GGvsAA 


p=0.251 ; 0R(95%CI)=1 .20(0.88-1 .62) 


rs525720 


G/A 


GG vs GA+AA 


p=0.400; 0R(95%CI)=1 .29(0.72-2.31 ) 






GGvsGA 


p=0.641; OR(95%CI)=1. 16(0. 63-2.13) 






GGvsAA 


p=0.100; OR(95%CI)=2.00(0. 88-4.54) 


rs71 66484 


G/A 


GG vs GA+AA 


p=0.273; 0R(95%CI)=1 .13(0.90-1 .43) 






GGvsGA 


p=0.403; OR(95%CI)=1 .15(0.83-1 .60) 






GGvsAA 


p=0.313; OR(95%CI)=1. 28(0. 79-2.09) 


rs2070664 


A/G 


AA vs AG+GG 


p=0.401 ; 0R(95%CI)=1 .10(0.88-1 .38) 






AAvsAG 


p=0.226; OR(95%CI)=1 .34(0.84-2.14) 






AAvsGG 


p=0.529; OR(95%CI)=1. 13(0.77-1. 66) 


rs3729755 


G/C 


GG vs GC+CC 


p=0.326; 0R(95%CI)=1 .12(0.90-1 .40) 






GGvsGC 


p=0.795; OR(95%CI)=1 .06(0.68-1 .66) 






GGvsGC 


p=0.240; OR(95%CI)=1. 33(0. 83-2.13) 


rs533021 


G/A 


GG vs GA+AA 


p=0.345; 0R(95%CI)=1 .14(0.87-1 .49) 






GGvsGA 


p=0.160; OR(95%CI)=1. 50(0. 85-2.63) 






GGvsAA 


p=0.779; OR(95%CI)=1 .05(0.74-1 .49) 


rs492038 


T/G 


TT vs TG+GG 


p=0.291 ; 0R(95%CI)=1 .29(0.80-2.07) 






TTvsTG 


p=0.193; OR(95%CI)=1. 40(0. 84-2.32) 






TTvsGG 


p=0.81 5; OR(95%CI)=1 .04(0.76-1 .41 ) 


rs4924215 


G/A 


GG vs GA+AA 


p=0.105; 0R(95%CI)=1 .22(0.96-1 .50) 






GGvsGA 


p=0.316; OR(95%CI)=1. 27(0.80-2.02) 






GGvsAA 


p=0.032; OR(95%CI)=1. 82(1 .05-3.14) 


rs4924214 


T/C 


TT vs TC+CC 


p=0.766; 0R(95%CI)=1 .07(0.68-1 .68) 






TTvsTC 


p=0.586; OR(95%CI)=1. 14(0.71-1. 82) 






TTvsCC 


p=0.540; OR(95%CI)=1 .16(0.72-1 .88) 


rs71 79902 


A/T 


AA vs AT+TT 


p=0.799; 0R(95%CI)=1 .07(0.65-1 .77) 






AAvsAT 


p=0.697; OR(95%CI)=1. 10(0. 67-1. 84) 






AAvsTT 


p=0.286; OR(95%CI)=1. 42(0. 75-2.68) 



doi: 10.1371/journal.pone.0083446.t003 



region surrounding the rs640249 polymorphism Figure 2. In the found to be correlated with three other polymorphisms located 
CEU reference population, the rs640249 polymorphism was in the ACTC1 gene promoter (rs641563: r 2 =1; rs639735: 
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Table 4. Association studies between CCC with a left ventricular ejection fraction value under 0.4% and ASY including as 
covariates the gender and the polymorphism one by one. 



Tag SNP 




Genotype groups 


Association test 


rs639735 


C/T 


CC vs CT+TT 


p=0.287 


0R(95%CI)=1 .14(0.90-1 .45) 






CC vs CT 


p=0.405 


OR(95%CI)=1 .24(0.75-2.07) 






CC vs TT 


p=0.292 


OR(95%CI)=1 .26(0.82-1 .92) 


rs640249 


C/A 


AA vs CA+CC 


p=0.003 


0R(95%CI)=1 .61 (1 .1 7-2.21 ) 






AAvsCA 


p=0.011 


OR(95%CI)=2.38(1 .22-4.65) 






AAvsCC 


p=0.004 


OR(95%CI)=1 .70(1 .1 9-2.44) 


rs893130 


A/T 


AA vs AT+TT 


p=0.401 


0R(95%CI)=1 .13(0.85-1 .49) 






AAvsAT 


p=0.473 


OR(95%CI)=2.70(0. 69-2.20) 






AAvsTT 


p=0.523 


OR(95%CI)=1 .33(0.55-3.19) 


rs475786 


C/G 


CC vs CG+GG 


p=0.062 


OR(95%CI)=1 .92(0.97-3.79) 






CCvsCG 


p=0.071 


OR(95%CI)=1 .88(0.95-3.73) 


rs893131 


T/C 


TT vs TC+CC 


p=0.540 


0R(95%CI)=1 .17(0.71 -1 .95) 






TTvsTC 


p=0.806 


OR(95%CI)=1. 07(0.63-1. 81) 






TTvsCC 


p=0.212 


OR(95%CI)=1 .53(0.78-3.00) 


rs893132 


T/C 


TT vs TC+CC 


p=0.163 


0R(95%CI)=1 .42(0.87-2.34) 






TTvsTC 


p=0.343 


OR(95%CI)=1 .29(0.77-2.16) 






TTvsCC 


p=0.063 


OR(95%CI)=1 .66(0.97-2.85) 


rs533225 


A/T 


AA vs AT+TT 


p=0.774 


OR(95%CI)=1. 12(0.52-2.38) 






AAvsAT 


p=0.942 


OR(95%CI)=1 .03(0.47-2.25) 






AAvsTT 


p=0.456 


OR(95%CI)=1 .59(0.47-5.38) 


rs670957 


G/A 


GG vs GA+AA 


p=0.087 


OR(95%CI)=1 .27(0.97-1 .66) 






GGvsGA 


p=0.087 


OR(95%CI)=1 .65(0.93-2.93) 






GGvsAA 


p=0.268 


OR(95%CI)=1 .22(0.86-1 .72) 


rs525720 


G/A 


GG vs GA+AA 


p=0.613 


0R(95%CI)=1. 18(0.62-2.23) 






GGvsGA 


p=0.904 


OR(95%CI)=1 .04(0.54-2.02) 






GGvsAA 


p=0.107 


OR(95%CI)=2.61 (0.81-8.35) 


rs71 66484 


G/A 


GG vs GA+AA 


p=0.068 


0R(95%CI)=1 .27(0.98-1 .64) 






GGvsGA 


p=0.247 


OR(95%CI)=1 .24(0.86-1 .77) 






GGvsAA 


p=0.069 


OR(95%CI)=1 .65(0.96-2.84) 


rs2070664 


A/G 


AA vs AG+GG 


p=0.766 


OR(95%CI)=1 .04(0.81 -1 .34) 






AAvsAG 


p=0.964 


OR(95%CI)=1. 01 (0.60-1. 70) 






AAvsGG 


p=0.239 


OR(95%CI)=1 .29(0.84-1 .97) 


rs3729755 


G/C 


GG vs GC+CC 


p=0.504 


0R(95%CI)=1 .09(0.85-1 .39) 






GGvsGC 


p=0.488 


OR(95%CI)=1 .20(0.72-2.01 ) 






GGvsGC 


p=0.334 


OR(95%CI)=1. 29(0.77-2.16) 


rs533021 


G/A 


GG vs GA+AA 


p=0.040 


0R(95%CI)=1 .31 (1 .01 -1 .69) 






GGvsGA 


p=0.106 


OR(95%CI)=1. 66(0. 90-3.06) 






GGvsAA 


p=0.828 


OR(95%CI)=1 .04(0.72-1 .52) 


rs492038 


T/G 


TT vs TG+GG 


p=0.591 


0R(95%CI)=1 .15(0.69-1 .93) 






TTvsTG 


p=0.474 


OR(95%CI)=1 .22(0.70-2.13) 






TTvsGG 


p=0.985 


OR(95%CI)=1 .00(0.72-1 .41 ) 


rs4924215 


G/A 


GG vs GA+AA 


p=0.100 


OR(95%CI)=1 .23(0.96-1 .57) 






GGvsGA 


p=0.209 


OR(95%CI)=1 .39(0.83-2.31 ) 






GGvsAA 


p=0.096 


OR(95%CI)=1. 66(0. 91-3.00) 


rs4924214 


T/C 


TT vs TC+CC 


p=0.914 


0R(95%CI)=1 .03(0.63-1 .69) 






TTvsTC 


p=0.833 


OR(95%CI)=1 .06(0.63-1 .78) 






TTvsCC 


p=0.351 


OR(95%CI)=1. 27(0.77-2.10) 


rs71 79902 


A/T 


AA vs AT+TT 


p=0.647 


0R(95%CI)=1 .14(0.65-1 .99) 






AAvsAT 


p=0.568 


OR(95%CI)=1. 18(0. 67-2.07) 






AAvsTT 


p=0.330 


OR(95%CI)=1 .41 (0.71 -2.82) 



doi: 10.1371/joumal.pone.0083446.t004 
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Figure 2 

Figure 2. Correlation analysis for the rs640249 polymorphism in two different reference populations. Genotype data from 
the European reference population (CEU) and from the West Africa reference population (YRI) were downloaded from HapMap. A 2 
Mb region surrounding the ACTC1 gene was analyzed in these two populations. The data were analyzed with Haploview Software. 
A) Correlations were assessed by calculating r 2 values. The rs640249 polymorphism was found to be correlated with three other 
polymorphisms in the CEU reference population (rs641563; rs639735; rs479623). B) In the West Africa reference population, the 
rs640249 polymorphism was correlated only with rs641563. 

doi: 10.1371/joumal.pone.0083446.g002 



r 2 =0.76; rs479623: r 2 =0.72; Figure 2A). In the Yoruba reference 
population, the rs640249 polymorphism was correlated only 
with the rs641563 polymorphism (r 2 =0.88) (Figure 2B). These 
three markers are all within 1.5 Kb of the rs640249 
polymorphism. Among the asymptomatic individuals, 17.8% of 
the subjects carried the rs479623CC genotype, 50.5% carried 
the rs479623TC genotype and 31.8% carried the rs479623TT 
genotype. In the patient group, 14.1% of the subjects carried 
the rs479623CC genotype, 51.7% carried the rs479623TC 
genotype and 34.2% carried the rs479623TT genotype. In the 
patient group, 17.8% of the subjects carried the rs479623CC 
genotype, 50.5% carried the rs479623TC genotype and 31.8% 
carried the rs479623TT genotype. For the rs641563 
polymorphism, we compared the subjects carrying the AA 
genotype with the others. Some trends for association were 
detected (sex: p=0.002; OR(95%CI)=2.1 1(1 .33-3.36); 
rs641563: p=0.078; OR(95%CI)=1. 67(0. 94-2. 97)). Similar 
results were obtained when we compared severe CCC to ASY 
(sex: p=6.1 x 10 6 ; OR(95%CI)=3.28(1. 96-5.49); rs641563: 
p=0.054; OR(95%CI)=1 .90(0.99-3.66)). 

We performed a haplotype reconstruction of the study 
population based on the SNPs rs640249 and rs641563. Four 
haplotypes were detected with various frequencies: (1) 
rs640249C-rs641563C: 58.8%; (2) rs640249A-rs641563A: 
39.1%; (3) rs640249C-rs641563A: 1.6%; (4) rs640249A- 
rs641563C: 0.5%. We investigated the relationship between 
Chagas disease and the two most frequent haplotypes (Figure 
3). In a multivariate analysis, including sex and haplotype 
combination as covariates, comparing CCC patients with 
asymptomatic subjects, some significant associations were 
detected (sex: p=0.005; OR(95%CI)=1. 99(1. 24-3.20); 
haplotype combination: p=0.025; OR(95%CI)=1 .21(1 .02-1 .43)) 
(Figure 3). The rs640249A-rs641563A haplotype was found to 
be associated with a lower risk of developing CCC. This 
haplotype was also shown to be associated with a lower risk of 
developing CCC in severe cases (sex: p=2.5 x 10 5 ; 



OR(95%CI)=3. 12(1. 84-5.30); haplotype combinations: 
p=0.012; OR(95%CI)=1. 27(1. 05-1. 54)) (Figure 3). The authors 
had access to a limited number of tissue samples extracted 
from CCC patients. Thirty three percent were homozygous for 
the susceptibility haplotype (rs640249C-rs641563C), 67% were 
heterozygous and none of them were homozygous for the 
protective haplotype (rs640249A-rs641563A). 

We enrolled a second independent cohort, including only 
male subjects, who have a higher risk of progression to CCC. 
We included 102 cases of CCC, 48 (47%) of whom developed 
severe chronic cardiomyopathy and 36 asymptomatic subjects. 
For the rs640249 polymorphism, the susceptibility genotype 
was carried by 38.6% of the CCC patients, 42.1% of the severe 
CCC patients and only 30% of the asymptomatic subjects 
(Figure 4). Similarly, 33.3% of the CCC patients and 35% of the 
severe CCC patients carried the rs641563 susceptibility 
genotype whereas 24.1% of the asymptomatic subjects carried 
this genotype (Figure 4). A haplotype analysis was also 
performed on this new cohort. Overall, 34.7% of the CCC 
patients and 37.5% of the severe CCC patients were 
homozygous for the susceptibility haplotype, whereas only 25% 
of the asymptomatic subjects carried this haplotype 
combination (Figure 4). However, although these results 
confirmed those obtained with the original cohort, the 
significance threshold for association was not reached, 
probably due to the size of the replication cohort. 

The rs640249 and rs641563 polymorphisms are located in 
the promoter region. Sequence changes can influence gene 
expression through the creation or alteration of DNA-binding 
sites for transcription factors. We performed an in silico 
analysis of these polymorphic loci for potential differences in 
transcription factor-binding sites (Figure 5). We performed an 
Electrophoretic mobility shift assay (EMSA) using nuclear 
extracts from primary human cardiomyocyte culture without ex 
vivo additional stimulation. We showed that the protective 
rs640249A allele binds some transcription factors that fail to 
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Figure 3. The rs640249A-rs641563A haplotype is associated with resistance to CCC. Based on the genotypes obtained, we 
performed a haplotype analysis of the rs7719175 and rs1 800925 polymorphisms. Only three haplotypes were found in our study 
population: A) Distribution of the three main haplotype combinations in the CCC patients and ASY subjects: homozygous 
rs640249C-rs641563C (black bar); heterozygous rs640249C-rs641563C + rs640249A-rs641563A (gray bar) and homozygous 
rs640249A-rs641563A (white bar). B) Haplotype combinations between cases and controls, taking sex into account. C) Distribution 
of the three main haplotype combinations between patients with severe and moderate CCC, taking sex into account. 

doi: 10.1371/joumal.pone.0083446.g003 



bind to the rs640249C allele (Figure 5). No differential binding 
pattern was detected for the rs641563 polymorphism. 

Discussion 

So far, the search for associations between candidate genes 
with the development of CCC has been focused mainly on 
genes involved in immune response and inflammation [27]. 
However, CCC is not a monogenic disease, and it is likely that 
the progression to overt inflammatory dilated cardiomyopathy 
may result from the combined effect and inadequate counter 
regulation of relevant genes. In spite of the important role of 
direct inflammatory damage, genes involved in the resilience of 



myocardial tissue to inflammatory and other kinds of stress 
could potentially also be involved. 

We investigated the hypothesis that the ACTC1 gene plays 
an essential role in the development of CCC. A lower level of 
ACTC1 protein was detected in myocardial tissue from patients 
with severe CCC than in such tissue from uninfected subjects. 
Gene expression analysis has also shown the ACTC1 gene to 
be under expressed in the myocardium of CCC patients, 
although not to a statistically significant extent. Our finding that 
the myocardium of CCC patients contains lower ACTC1 protein 
than control myocardial tissue is consistent with the findings of 
Jiang et al. (2010) for congenital heart disease. They found that 
low levels of ACTC1 mRNA and protein were strongly 
correlated with cardiomyocyte apoptosis, as assessed by 
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Figure 4. The same trends for association were detected in a small, independent replication cohort. The two main 
polymorphisms, rs640249 and rs641563, were genotyped in the independent replication cohort. This second cohort focused 
exclusively on male patients with Chagas disease, who have a higher risk of progression to CCC. This replication cohort included 
asymptomatic (n = 36) and CCC patients (n = 102). Of the 106 patients with CCC, 48 had severe ventricular dysfunction (left 
ventricular ejection fraction <40%). The rs640249 genotype distribution is illustrated in A. The results for the rs641563 polymorphism 
are in B. Haplotype analysis was then performed in C. 

doi: 10.1371/joumal.pone.0083446.g004 



TUNEL staining [33]. Tostes et al. demonstrated the 
occurrence of significantly higher than normal levels of 
cardiomyocyte apoptosis in myocardial tissue from severe CCC 
cases [34]. The finding that a forced reduction of ACTC1 
expression in cardiomyocytes leads to higher levels of 
apoptosis [33] and consequently cardiomyocyte loss [35] 
indicates a possible explanation for the involvement of reduced 
ACTC1 protein levels in ventricular dysfunction in CCC. 
Although the possible mechanisms involved in actin deficiency- 
induced cardiomyocyte apoptosis are still unknown, 
actimmyosin stochiometry imbalance is one possible 
mechanism whereby reduced actin levels would lead to 
cardiomyocyte apoptosis and, possibly, reduced ventricular 
function. Beall et al. (1989) have shown that actin deficiency 
and the resulting stoichiometry imbalance can significantly 
affect proper sarcomere formation with ensuing functional 
implications in striated muscle in the Drosophila model [48]. It 
has recently been reported that alpha-cardiac actin binds to 



titin and telethonin, along with several other signaling proteins 
in the Z-disc region of the sarcomere, which is now known to 
be the sarcomeric mechanosensor, responsible for 
downstream signal transduction [49]. It has been shown in 
murine models that the Z-disc actin-binding protein telethonin 
links mechanical and other sarcomere stress with 
cardiomyocyte apoptosis via direct interaction with the 
propapoptotic p53 protein [50]. It is conceivable that reduced 
levels of alpha-cardiac actin could impact on Z-disc 
mechanosensor function and thereby enhance cardiomyocyte 
apoptosis. 

We investigated the possibility that polymorphisms in or 
around the ACTC1 gene control susceptibility to CCC. We 
found a significant association between the rs640249 
polymorphism and CCC, which was confirmed when we 
compared severe CCC patients with ASY controls. The 
rs640249C allele was found to be associated with susceptibility 
to CCC, whereas the rs640249A allele was associated with 
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Figure 5. In silico analysis predicted differential binding patterns for rs640249 and rs641563 polymorphisms. Gel shift 
experiment has confirmed this differential binding for rs640249 polymorphism. The probability of these polymorphisms 
creating or altering DNA-protein interaction was determined by in silico analysis ( http://www.qene-requlation.com/cqi-bin/pub/ 
prog rams/match/bin/match. cg i). An 75% threshold score (similarity matrix) was used. For each polymorphism (A, rs1 800925; B, 
rs641563) putative bindings are described. The similarity matrix score is indicated in brackets. C: Electrophoretic mobility shift 
assays were performed in vitro as described in Materials and Methods. A differential binding pattern was detected for the rs640249A 
allele. 

doi: 10.1371/joumal.pone.0083446.g005 



resistance to CCC development. This is the first polymorphism 
in a gene encoding a structural heart protein to be associated 
with progression of Chronic Chagas disease, implying that 
genetically determined heart tissue fragility may play a role in 
pathogenesis and development of CCC. Moreover, the 
rs640249 polymorphism was correlated with three neighboring 
polymorphisms (rs641563, rs639735 and rs479623). Only one 
of these markers (rs641563) was also associated with CCC 
development. This marker, like rs640249, could not distinguish 
between moderate and severe cases of CCC. A haplotype 
analysis, based on the genotype of these two markers, led to 
the identification of a susceptibility haplotype (rs640249C- 
rs641563C) and a protective haplotype (rs640249A- 
rs641563A). 

The results presented here are not corrected for multiple 
comparisons. We performed correction according to Nyholt's 
procedure [45,46]. Only the rs640219 polymorphism remains 
significantly associated on the main cohort and this one seems 
to be functional. Indeed, our results with the EMSA assay 



indicate that the rs640249 polymorphism affects the binding of 
regulatory elements, such as transcriptional factors, in the 
promoter regions of the ACTC1 gene. Our in silico analysis 
indicate some candidate transcription factors that could 
potentially bind differentially to the sequences of the two allelic 
forms. Given the importance of ACTC1 expression for proper 
cardiac muscle function, the rs640249 polymorphism may 
contribute to disease severity. The protein level decrease (-64 
%) in the myocardium of CCC patients than in myocardial 
samples from individuals without cardiomyopathies is 
completely in agreement with the available data obtained on 
acute in Syrian hamster model [36]. 

However, the association test results remain borderline after 
correction for multiple testing. The same trend of association 
was detected on our independent replication cohort. The p 
values that we obtained are modest either by the fact that the 
size of our cohort is limited (even if it is one of the largest 
described so far) or by the fact that the impact of the 
polymorphism on the development of severe cardiomyopathy is 
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limited. However, it is important to notice that the proteomic 
analysis, genetic association tests, haplotype analysis and 
EMSA experiment data are going in the same way. Authors 
think that it will be better to confirm these results in another 
large independent cohort or in other etiologies of myocarditis 
and inflammatory cardiomyopathy, such as viral myocarditis 
and post-viral cardiomyopathy. 

To our knowledge, this is the first demonstration of a putative 
association between polymorphisms in a non-inflammatory/ 
immune response gene - and in this case, a structural cardiac 
sarcomeric protein-encoding gene and susceptibility to CCC. 
Proinflammatory cytokines that are found to be upregulated in 
plasma and heart tissue of heart failure [51] and CCC patients 
[52] can promote cardiomyocyte apoptosis. Since reduced 
transcription levels of cardiac actin have been associated with 
increased susceptibility to apoptosis, it is conceivable that 
increased levels of inflammatory cytokines, secondary to 
environmental or genetic causes could differentially affect 
cardiomyocyte function in carriers of either allelic form of the 
ACTC1 gene. Hypothetically, the interaction of polymorphisms 
controlling inflammatory cytokines with that of cardiomyocyte 
alpha-cardiac actin could act synergistically, leading to different 
levels if cardiomyocyte apoptosis among chronic Chagas 
cardiomyopathy patients. Thus, in addition to inflammation, 
genetically determined myocardial resilience may be an 
important factor for progression to CCC. In this analysis, the 
odd ratio values for the associated markers remain modest 
similar to the previous candidate gene analyses. Increase 
sample sizes will permit to test all the associated genes on the 
same population and define the relative contribution of each 
gene. 

Taken together, these reports may suggest that variations in 
the expression of the ACTC1 gene may play an important role 
in the pathogenesis of Chagas disease cardiomyopathy. 

Supporting Information 

Figure S1. Relative quantification of alpha-cardiac actin 1 
(ACTC1) by immunoblotting (duplicate analysis). 

Myocardial samples were obtained from the left ventricular free 
wall of the hearts of patients with severe CCC and end-stage 
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